Abstract We present a study of the electrical properties of electrochemically doped conjugated polymers using polymeric light-emitting electrochemical cells (PLECs) and interpreting the results according to a phenomenological model (PM) which assumes that, above the device turn-on voltage, the bulk transport properties of the doped organic semiconductor are responsible for the main contribution to the whole device conductivity. To confirm the predictions of this model, the dependence of the conductivity of PLECs with different parameters is evaluated and compared with the behavior expected for a doped semiconducting polymeric material. The organic semiconductor doping level, the blend concentration of organic semiconducting molecules, the device thickness, the charge carrier mobility, and the temperature are the parameters varied to perform this analysis. We observed that the device conductivity is independent of the active layer thickness, weakly dependent on the temperature, but strongly dependent on the semiconductor doping level, on the semiconductor fraction in the blend, and on the intrinsic charge carrier mobility. These results were well described by the variable range hopping (VRH) model, which has been widely employed to describe the charge transport in doped semiconducting polymeric materials, confirming the prediction of the phenomenological model. The current analysis demonstrates that PLECs are a suitable system for studying, in situ, the electrochemical doping of semiconducting polymers, permitting the evaluation of material properties as, for instance, the density of electronic charge carriers (and, consequently, the ionic charge carrier concentration) necessary to achieve the maximum electrochemical doping level of the organic semiconductor.
Introduction
Polymeric light-emitting electrochemical cells (PLECs) consist of a thin polymer blend film, comprising a semiconducting polymer, an ion transport polymer, and an ionic salt, sandwiched between two electrodes [1] . This class of devices commonly exhibits a low turn-on voltage (approximately equal to the semiconductor energetic bandgap, V on ≈E g /e), irrespective of the work function of the conductive materials used as electrodes, as a consequence of the electrochemical doping of the conjugated polymer produced by the ionic separation in the solid electrolyte phase of the polymer blend under an external electric field [1, 2] . Such effect occurs due to the blend morphology, which constitutes a 3-D interpenetrating network, formed by the solid electrolyte (usually a mixture of polyethylene oxide, PEO, and a lithium salt), permitting both ionic and electronic charge transport through the active layer. For several years, the technological potential of PLECs was not totally exploited due to few, but relevant, drawbacks as, for instance, the low operation lifetime and poor chemical stability. However, recent works reporting the achievement of stable and long-lasting PLECs have increased the interest on the investigation of the electrical properties and on the understanding of the operation mechanisms of this class of devices [3] [4] [5] [6] [7] [8] . The development of PLECs is also motivated by the ease of process and by the low manufacturing cost, permitting the production of devices with totally organic electrodes [9, 10] and the use of innovative deposition techniques as slot die [11] and spray coating [12] . In the subject of the fundamental properties of the device operation, several studies have been carried out focusing on the electronic and ionic charge transport properties, on the electric field distribution during a steady-state operation regime, and on the electrochemical doping of the semiconducting material. In particular, the dynamics of the electrochemical doping during the device operation is a topic that was not thoroughly studied and still remains unclear.
When a relatively low d.c. bias (below 1 V) is applied to the electrodes of a PLEC, the electric field in the active layer promotes the salt dissociation and the ion transport in the solid electrolyte phase. Considering that the electrodes are blocking for ions, the ionic species continuously accumulate near the electrodes until the electric field in the bulk becomes negligible. At this condition, intense electric fields at the metal/active layer interfaces are established, and electronic charge carriers can overcome the energy barrier, being injected into the organic semiconductor phase. The model that describes this phenomenon is known as ionic space-charge-assisted current injection [13] . Increasing the bias voltage until the semiconductor bandgap (E g /e), the injected electronic carriers become numerous enough to counterbalance the amount of ionic charges in the solid electrolyte and the electrochemical doping of the semiconducting polymer occurs [14] . In this situation, a p-doped region is formed in the proximity of the anode whereas an n-doped region is formed near the cathode, with a very thin (about less than 10 % of the total layer thickness) insulating region (non-doped) separating the doped regions [15, 16] . When this p-i-n junction (p-doped, insulating, n-doped) is established, the electric field is predominantly concentrated in the insulating region [14] [15] [16] , as well as the electronic charge carrier recombination and the emission of light.
The ionic space-charge-assisted current injection and the pi-n junction models were considered conflicting models until 2010, when a unified model was proposed to explain the operation mechanism of PLECs as a whole [17] . This model considers that the electrochemical doping of the semiconducting polymer doping depends on the electronic charge carrier injection, which is promoted by the ionic space-chargeassisted mechanism. Additionally, the model predicts that, even after the p-i-n junction formation, the electric field at the metal/polymer interfaces still remains, in addition to the electric field in the insulating layer, which was corroborated by experimental results [17, 18] . The explication for such behavior is that the voltage confined at the interfaces, V in , is necessary to maintain the electric current constant along the entire device. More recently, a phenomenological model (PM) [19] was proposed, considering the unified model and the influence of the electric resistance of the doped layers, to explain the operation of PLECs in transient [20] and alternated current (a.c.) [21] conditions. The generality of the PM permits to successfully describe the electrical properties of PLECs in a broad range of applied voltage (below and above the turn-on voltage), for d.c., transient, and a.c. regimes. The main idea behind this model is that the device electrical behavior is described in terms of an apparent conductivity, which is obtained by considering the device as a uniform material layer, with the total equivalent electric resistance normalized by the geometric parameters (film thickness and electrode area) of the device [19] .
In a previous work [19] , the authors proposed a phenomenological model (PM) based on experiments performed in PLECs with different thicknesses and with different semiconducting polymers, assuming that, for voltages much higher than the PLEC turn-on voltage (V on ), the PLEC "conductivity" is the same of the doped semiconductor. In order to confirm this assumption in a more general way, we present in the current work a study of the dependence of the conductivity of PLECs on additional parameters: organic semiconductor doping level, organic semiconducting polymer concentration, and temperature. Moreover, to guarantee operation under the high-voltage electrochemical doping regime, all the experiments were carried out with the devices operating at voltages much higher than the device turn-on voltage (above 5 V). As general results, we show that the PLEC conductivity depends on these parameters according to a variable range hopping (VRH) model, which has been widely applied to describe the charge transport in doped semiconducting polymers, confirming the PM predictions.
Experimental procedures and materials Materials
The active layer of the devices was composed of the mixture of a semiconducting conjugated polymer and a solid polymeric electrolyte. The polyfluorene derivative poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-vinylenephenylene)] (green-emitting polymer, ADS_GE) was used as the organic semiconductor (OS) in most of the experiments. In order to evaluate the influence of the charge carrier mobility in the polymeric electrolyte, some devices were also fabricated using poly[(9,9-dioctylfluorene-2,7-diyl)] (blue-emitting polymer, ADS_BE) as a semiconducting polymer. Both organic semiconductors were purchased from American Dye Source Inc. (ADS). The polymeric electrolyte was produced by mixing poly(ethylene oxide), PEO, (Aldrich, Mw = 5 × 10 6 mol/ g) and lithium trifluoromethanesulfonate, CF 3 SO 3 Li, (LiTri, Aldrich), at different concentrations of the lithium salt.
Sample fabrication
Sample preparation was carried out completely inside a glove box (Inertec) under nitrogen atmosphere, with moisture and oxygen concentration below 10 ppm. Solutions of the different active materials were spin coated onto ITO-covered glass substrates and baked at 120°C for 15 min, to guarantee total solvent evaporation. Metallic aluminum top electrodes (150 nm thick) were deposited by thermal evaporation, in a high-vacuum deposition system, through mechanical shadow masks, comprising an effective area of 10 mm 2 . Different film thicknesses were achieved by controlling the spin-coating rotation speed from 500 up to 3000 rpm, using the same solution concentration. Different blend compositions were produced by mixing different amounts of base solutions to obtain a desired mass ratio of the components (OS/PEO/LiTri). The base solutions of the conjugated polymers and PEO were prepared in chloroform at 15 and 10 mg/mL, respectively. LiTri base solution was prepared in acetonitrile at 30 mg/mL. Devices produced using different semiconducting polymers and different layer thicknesses were produced by using blends at the same mass ratio (1:1:0.1). Samples produced with different salt concentrations (C) were produced with a OS/PEO mass ratio of 1:1, whereas samples produced with different semiconductor concentrations used the same PEO/salt mass ratio (1:0.4) and a OS/PEO mass ratio given by X:(1 − X), where X represents the OS relative concentration.
Electric measurements
Current-voltage (I-V) measurements were performed with a Keithley source/meter unit model 2400. The maximum voltage variation rate was 500 mV/s, with a time delay of 1 s between adjacent points, in order to guarantee the device operation a steady-state condition. Device characterization was carried out keeping the samples inside a low-pressure chamber filled with nitrogen at 1 mbar. Before the measurements, five purge cycles of N 2 /vacuum were performed. Device light emission was characterized by luminance-voltage (L-V) measurements using the 2400 source/meter unit and a calibrated photodiode connected to a Keithley electrometer, model 617. The conversion of the photodiode photocurrent to luminance was performed considering the photodiode spectral responsivity, the device electroluminescence (EL) spectrum, and the CIE human eye spectral responsivity [22] . Temperature variation during the electrical measurements was performed within a Janis closed-circuit helium cryostat, controlled by a Scientific Instruments Inc. temperature controller model 9160. The thickness of the device active layer was determined using a Veeco Dektak profilometer model 150.
Results and discussion
Current-voltage (I-V) and luminance-voltage (L-V) curves for a 190-nm thick PLEC with 1:1:0.1 (OS/PEO/LiTri) blend composition, using ADS_GE as an organic semiconductor, are presented in Fig. 1a . The I-V curve exhibits two linear regions, corresponding to two different transport regimes, where the conductivity is nearly constant, as depicted on Fig. 1b . The PLEC apparent conductivity vs. voltage curve was obtained from the direct differentiation of the I-V curve and considering the device geometrical parameters (active layer thickness and active area). The turn-on voltage (V on ) of the device is determined from the onset in L-V curve, which is approximately 4.5 V. For voltages right above V on , the conductivity increases exponentially (Fig. 1b) , outlining the transition between a low (nearly constant)-conductivity regime to a high-conductivity regime, which also becomes nearly constant.
In the low-conductivity regime, the steady-state current is governed by the injection of electronic charge carriers from the electrodes, assisted by the accumulated ionic space charges next to the metal/polymer interfaces, resulting, according to the PM [19] , in an apparent conductivity σ 0 for the whole device. The steep increase on the conductivity around V on is a consequence of the tunneling of the electronic charge carriers from the doped layers into the insulating layer of the p-i-n junction. In this regime, the charge carrier recombination becomes high enough to promote a visible light emission and the device turn-on voltage is reached. The exponential growth of the apparent conductivity, σ, depends directly on the thickness of the insulating layer, w, and on the electronic localization radius, γ. In the high-voltage regime, when the apparent conductivity becomes again nearly constant, the device whole conductivity is limited by the conductivity of the electrochemically doped layers, σ pn , considering the assumption that both layers (p-doped and n-doped) have the same conductivity. Moreover, the thickness of the insulating layer of the p-i-n junction decreases drastically, becoming much thinner than the whole device active layer thickness, which makes its contribution to the device resistance negligible. Such a situation leads to two approximations: (i) the thickness of the two electrochemically doped layers (ECDLs) is about the same of the whole active material and (ii) the whole device apparent conductivity is nearly the same of the ECDLs.
The apparent conductivity of the PLEC shown in Fig. 1b was fitted by using the expression for the apparent conductivity of a PLEC defined in ref. [19] :
where σ pn represents the conductivity of the ECDLs, σ i the conductivity of the non-doped (intrinsic) semiconductor, w represents the thickness of the insulating layer of the p-i-n junction, E g the energetic bandgap of the organic semiconductor, and γ represents the electronic localization radius, which was considered as 2.8 nm in our calculations [19] . The parameters obtained from the fittings (Fig. 1b, inset ) are σ i = (4 ± 2) × 10 −7 S/cm, σ pn = (5 ± 1) × 10 −6 S/cm, w = 9 ± 4 nm, and V in = 2.5 ± 0.5 V, which are in good agreement with previously obtained results [19] . Figure 2 presents the dependence of conductance of a device (ADS_GE/ PEO/LiTri) on the thickness of the active layer, operating in the high-voltage regime. The conductance varies nearly inversely proportional to the active layer thickness, which is an evidence that the electronic charge transport becomes predominantly a bulk effect and, consequently, that the interfaces play a minor role in the device operation in this regime. The data also reveals that the conductivity of the ECDLs is nearly independent on the device thickness and reaches a value of at about (4 ± 1) × 10 −6 S/cm in the high-voltage regime. Figure 3 shows that the device apparent conductivity, in the high-voltage regime, is proportional to the organic semiconductor (ADS_GE) concentration in the blend. Such behavior indicates that the density of charge carriers is proportional to the concentration of the organic semiconductor in the blend. Considering that the charge carrier mobility in disordered semiconductors is not strongly affected by doping [23] , since the majority charge carrier mobility of intrinsic (non-doped) organic semiconductors can be determined from CELIV measurements (values for ADS_GE and ADS_BE are presented on ref. 19) , it is possible to evaluate the density of electronic charge carriers in the organic semiconductor from the conductivity obtained for the ELDL ( charge carrier mobility in the semiconducting polymer. However, were employed doped semiconductors to perform the experiment, and the absolute values of the density of charge carriers are in agreement with the typical density of electronic states in intrinsic organic semiconductors [24] . The reason for this discrepancy is that the OS is a component of a blended material, in which the charge carrier mobility may be reduced as a consequence of the insulating phase of the material.
The previous results show that it is reasonable to consider that the active material conductivity is proportional to the semiconductor material concentration, which is intrinsically a p-type material, and to the positive charge carrier (holes) mobility. Taking into account that the electronic charge carrier density is proportional to the salt concentration in the blend and that the charge transport in a disordered semiconductor can be modelled by a 3-D Mott variable range hopping process [25] , the dependence of the p-doped semiconductor polymer conductivity with the dopant salt concentration can be described by the following expression:
where σ 0 represents the maximum value of the conductivity of the semiconductor that can be achieved in the d.c. regime, T h the Mott characteristic hopping temperature, and T the experimental temperature. The parameter β represents the Mott model dimensional factor (10.3 for 3-D hopping), k B the Boltzmann constant, n 0 the density of states at maximum doping (C = 1), and ΔE the energy interval which comprises the density of states. The parameter L 0 represents the minimum hopping site distance, γ, the electronic charge carrier localization radius, and C represents the salt concentration in the blend. Figure 4 shows the dependence of the conductivity of the ECDLs on the salt concentration (or doping level) obtained for PLECs produced with ADS_GE as a semiconductor. The experimental data from Fig. 4 , fitted by Eq. 2, result in σ 0 ≈ 3 × 10 −5 S/cm (for T = 300 K) and in L 0 /γ ≈ 1.5, which is the ration between the minimum hopping distance and the charge carrier localization radius. The fitting was performed by considering a set of electronic states comprised in an energy interval ΔE = 0.5 eV. This energetic interval is a good approximation for the distribution of electronic states in organic materials, which is well described by a Gaussian distribution with a disorder parameter of 0.1 eV [26] [27] [28] [29] . Additionally, it is possible to determine L 0 as 4.2 nm, considering an electronic localization radius of 2.8 nm, as previously reported [16, 25] . This value of L 0 yields a density of electronic charge carrier of 1. 3 10 19 cm −3 for the extrinsic semiconductor. The temperature dependence of the conductivity of the polymer (ADS_GE) ECDL is shown in Fig. 5a . The temperature range considered is above the PEO glass transition, where the ionic conductivity is high enough to provide the needed ionic charge separation to promote the electrochemical doping of the semiconducting polymer. This result shows that the conductivity of the electrochemically p-doped semiconductor is weakly dependent on the temperature, as expected for an extrinsic semiconductor. plot, according to Eq. 2. This result shows that T h has a sigmoidal dependence on temperature, leaning towards zero for increasing temperatures.
To explain the temperature dependence of the electrical conductivity of the polymeric blend, it is necessary to take into account few assumptions. First, that it is reasonable to suppose that the dissociated ionic charge is proportional to the PEO ionic conductivity, which is known to have Arrhenius dependence for temperatures above the glass transition temperature [30] [31] [32] . Another reasonable consideration is that the electronic charge carrier density in the active material is given by the sum of the intrinsic and extrinsic charge carrier densities and that the latter is proportional to the material ionic conductivity. Therefore, the density of electronic charge carriers in the organic semiconductor can be expressed
, where n i represents the concentration of intrinsic charge carriers, E i is the activation energy of the ionic transport in the solid electrolyte, and n ∞ a parameter related to the concentration of extrinsic charge carriers. Using the procedure above to obtain the Mott characteristic hopping temperature as a function of the charge carrier density (conductivity) from Eq. 2, and also considering the temperature dependence for the charge carrier density, it is possible to obtain the temperature dependence of the Mott characteristic hopping temperature:
where T i represents the Mott characteristic hopping temperature of the intrinsic semiconductor. The fitting of the experimental results using Eq. 3 is shown in Fig. 5b , resulting in the following parameters: T i ≈ 5 × 10 6 K, n ∞ n i ≈ 2.9 × 10 19 and E i ≈ 0.93 eV. As expected, the activation energy obtained for the ionic charge transport is in accordance with previous results for solid electrolytes comprising PEO/LiTri [29] [30] [31] . The obtained value for the Mott characteristic hopping temperature of the intrinsic semiconductor (T i = 5 × 10 6 K) is consistent with the results obtained for several other semiconducting polymers in the literature [33] [34] [35] [36] . This parameter is dependent on the fundamental parameters, as the density of states, the energy interval which comprises the density of states ΔE, and the electronic charge carrier localization radius [35] . Considering the obtained value of T i , an electronic localization radius of 2.8 nm and ΔE = 0.5 eV for the intrinsic semiconductor, it was possible to determine the density of an intrinsic charge carrier of 5. 4 10 17 cm −3 , in agreement with the typical density of electronic states in intrinsic organic semiconductors [24] . As expected, the concentration of intrinsic charge carriers is much lower than the maximum concentration of extrinsic charge carriers. Finally, in our representation of the density of charge carrier with the temperature, the relationship between the density of mobile ions in the polymer electrolyte,
Considering that, at room temperature, practically all salt molecules are dissociated in the polymer electrolyte, we can evaluate a concentration of mobile ions of 1.9 × 10 20 cm
for the blend composition of 1:1:0.1 (OS/PEO/LiTri). The temperature necessary to achieve this concentration of mobile ions from the obtained values for the n ∞ n i ratio and from the density of intrinsic charge carriers was determined to be (280 ± 30) K, which is, considering the uncertain, close to room temperature.
Conclusions
The electrical properties of electrochemically doped polymeric semiconductors were studied by using PLECs operating at voltages above the device turn-on voltage, when the electrochemical doping regime is predominant. The experimental results show that the electric conductivity of the devices increases with the semiconductor doping level (associated with the Li salt concentration in the solid electrolyte), with the organic semiconductor concentration in the blend, and with the electronic charge carrier mobility. Additionally, the obtained results have shown that the electric conductivity for the whole device is weakly dependent on the experimental temperature, indicating that, for high-applied voltages, the PLEC apparent conductivity is approximately the conductivity of the completely doped organic semiconductor, as presumed in the phenomenological model (PM) used to describe the operation of PLECs. Moreover, we have shown that it is possible to obtain diverse parameters of the charge transport in the organic semiconductor by studying the electrical properties of PLECs in a high-voltage regime. In the current study were obtained properties of an polyfluorene derivative, as electronic localization radius of 2.8 nm, minimum hopping distance of about 4.2 nm, density of extrinsic charge carriers 1. 
